The aim of this study was to assess the prevalence of spondylosis deformans and to investigate genetic aspects of the degree of osteophytes development (DOD) in the Italian Boxer dog population. A total of 849 Boxer dogs was radiographed on the thoracic, lumbar, and sacral regions of the spine and scored for DOD. Grading of DOD was performed for all 20 intervertebral sites comprised within the first thoracic site (site T1-T2) and the site between the seventh lumbar and the first sacral vertebra (site L7-S1). Scores for DOD ranged from 0 (no osteophytes development) to 3 (presence of a bony spur formed by osteophytes on adjoining vertebrae). The first five thoracic sites exhibited no variation for DOD and were not considered in the analysis. The prevalence of spondylosis deformans was 84%, and frequency of dogs showing at least one intervertebral site that scored 3 for DOD was 50%. Scores for DOD at different sites were analyzed as different traits. Nongenetic effects influencing DOD scores were sex, age at screening, and the kennel. Posterior densities of heritability (h 2 ) were estimated using a univariate Bayesian analysis. Eight sites exhibited a posterior probability greater than 0.8 for h 2 > 10% and
Introduction
The dog is the nonhuman species for which the largest number of genetic disorders are known (Ostrander et al., 2000) , but current breeding programs for purebred dogs focus on a limited number of genetic diseases. Within the group of skeletal disorders, hip and elbow 1 Financial support by the University of Padova (code CPDA 027842) is gratefully acknowledged. The authors are also indebted to Ente Nazionale Cinofilia Italiana for providing pedigree information. E. Groeneveld is acknowledged for the use of the VCE program.
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were considered in a multivariate restricted maximum likelihood analysis. Estimated h 2 from multivariate analysis ranged from 25 to 48% (SE from 5 to 7%). Three sites exhibited h 2 estimates greater than 40%. Genetic correlations for DOD scored at different sites ranged from 0.07 to 0.96. All thoracic sites had estimated correlations larger than 0.85 with other thoracic sites. Genetic correlation between the first and the second lumbar site was 0.91. Correlations between thoracic sites and the first two lumbar sites ranged from 0.5 to 0.9. Sites L6-L7 and L7-S1 also exhibited weak relationships with all remaining sites. Breeding values of dogs for DOD at the eight sites were predicted using estimated covariance matrices. A selection index for DOD was computed from predicted breeding values and a set of relative weighting factors produced by a panel of veterinarians. The index was the most important effect influencing phenotypic differences between dogs for average DOD score, number of affected sites, and number of sites with a DOD score > 1 (P < 0.001). The degree of osteophytes development is a trait showing exploitable additive genetic variance, and breeding programs for decreasing prevalence and severity of spondylosis deformans might focus on this trait. dysplasia have been investigated the most, and genetic parameters for traits associated with these diseases have been reported (e.g., Leppanen et al., 2000; Maki et al., 2000; Olherth et al., 2001) .
Genetic aspects of other skeletal diseases like spondylosis deformans have been studied less. Spondylosis deformans is a degenerative disease of the spine exhibiting the presence of one or more osteophytes, showing different degrees of development, at the level of vertebral bodies (Hansen, 1952; Morgan, 1967) . Severe spondylosis causes stiffness in the back, lameness, change of gait, and pain. Hence, decreasing the incidence and severity of spondylosis is desirable for enhancing longevity and welfare of dogs.
Incidence of spondylosis in the Boxer breed (Murlebach and Freudiger, 1973; Eichelberg and Wurster, 1982 ) is high and increases, as well as becomes more severe, as the dogs age (Mattoon and Koblick, 1993) . Some studies (Murlebach and Freudiger, 1973; Eichelberg and Wurster, 1982) postulated that spondylosis might have a genetic basis. Langeland and Lingaas (1995) reported heritability (h 2 ) estimates ranging from 0.42 to 0.62 for the maximum degree of osteophyte development and from 0.13 to 0.47 for the number of affected intervertebral sites, but these estimates exhibited very large standard errors and did not differ significantly from zero.
The present study aimed to assess the prevalence of spondylosis deformans and to investigate genetic aspects of the degree of osteophytes development (DOD) in the Italian Boxer dog population.
Materials and Methods

Data and Osteophytes Development Grading
Data comprised of screening results of 851 Boxer dogs (469 females and 382 males) enrolled from 1997 to 2001 in the screening program for spondylosis deformans arranged jointly by the Centre for the Screening of Skeletal Diseases and the Italian Boxer Club. The screening program was specifically arranged for investigating the prevalence of spondylosis deformans in the population and genetic aspects of the DOD. Hence, a major concern was for the randomness of the screening process. All members of the Italian Boxer Club (breeders and owners of dogs) were asked to involve in the screening program all animals that were at least 1 yr old or older, including also breeding dogs. It was not possible for a breeder to screen only some animals (i.e., dogs exhibiting clinical signs of the disease or dogs that were progeny of affected or suspected dogs), and results of the screening process did not influence registration of animals by the Italian Boxer Club.
Radiographs on thoracic, lumbar, and sacral regions of the spine were taken by 156 veterinarians and graded for DOD by a single panelist. Starting from the site between the first and the second thoracic vertebra (site T1-T2) and moving to the site between the seventh lumbar and the first sacral vertebra (site L7-S1), grading of DOD was performed using the method of Langeland and Lingaas (1995) . A score for DOD was attributed to each site (20 sites) using a four-grade linear system (Figure 1 ): grade 0 = no osteophytes development detected; grade 1 = small osteophytes placed on the edge of the epiphysis were observed, but did not exceed the vertebral edge; grade 2 = osteophytes were enlarged beyond the edge of epiphysis, but did not connect to osteophytes on the opposite vertebra; and grade 3 = osteophytes placed on adjoining vertebrae connected one to each other, thus establishing an appreciable bony spur.
The data also included information on dog identification, dates of birth and of x-ray screening, sex, kennel, and x-raying veterinarian. Age of dogs at x-ray assay ranged from 10 to 84 mo (x = 20 mo, SD = 10 mo). Pedigree records were obtained from the pedigree register of the Italian Boxer dog population, which is routinely updated by the Italian Association of Dog Breeders. Records of two screened dogs were removed from the data file because parents of these animals were unknown. Dogs involved in the screening program were progeny of 329 sires and 552 dams. Pedigrees were traced back for as many generations as available, resulting in a total of 3,087 dogs in the analysis. Useless pedigree information (i.e., ancestors without pedigree and with one progeny only) was discarded.
Statistical Analysis
Statistical analyses were performed considering scores for DOD at different intervertebral sites as different traits and by using linear model methodology for normally distributed data, albeit DOD scores were ordered categorical traits. The method of choice in the analysis of ordered categorical traits is the threshold model (Gianola and Foulley, 1983) , and the use of sire models is suggested when applying threshold model analysis to estimate genetic parameters (Moreno et al., 1997) . In this study, preference was given to the use of linear models because of known problems due to biased inference regarding variance components resulting from the application of a threshold sire model when the number of progeny per sire is small and the amount of information associated with a fixed effect (i.e., the kennel effect in our analysis) is limited (Moreno et al., 1997) . Moreover, estimation of the kennel effects would have been troublesome under a threshold model because of the extreme category problem (Misztal et al., 1989; Moreno et al., 1997) . Because DOD scored at the first five sites (from site T1-T2 to site T5-T6) exhibited no phenotypic variation, analyses were performed using only 15 scores (traits) per dog.
Nongenetic Effects
Nongenetic effects considered in the mixed linear models for estimating variance components and genetic parameters of DOD scores were from preliminary analyses. Age of dogs at screening was classified into six classes (12 mo or less, 13 to 16, 17 to 22, 23 to 28, 29 to 39, and 40 mo or more). Because the kennel and xraying veterinarian effects were partly confounded, only the kennel effect was retained in the analysis. Effects due to age at screening, kennel, and sex were statistically significant for a number of sites and were included in genetic models aimed at estimating (co)variance components.
Estimation of (Co)variance Components and Genetic Parameters for DOD Score
Estimation of (co)variance components for DOD score was conducted in two steps : 1) the first step was exploratory and was based on 15 univariate Bayesian analyses performing numerical integration using the Gibbs sampler; 2) the second step aimed to estimate (co)variance matrices for DOD score at different sites and was based on a multivariate restricted maximum likelihood REML analysis.
Mixed linear models included nongenetic effects previously described and the additive genetic effect of dogs and took into account all known additive relationships (3,087 animals).
Univariate Bayesian analyses were based on conditional densities and on the scalar form of the Gibbs sampler presented by Wang et al. (1994) . Prior scaled inverted chi-squared distributions were assumed for residual and additive genetic variances. The hyperparameters of scaled inverted chi-squared distributions (ν and s 2 ) were equal to −2 and 0, making the prior distribution flat (Wang et al., 1994) .
Each Bayesian analysis was carried out generating a single Gibbs chain. Size of the chain and burn-in length were chosen by comparing results obtained for two randomly selected sites with chain and burn-in period of different sizes and by subjective inspection of plots of values from the Gibbs chain. Because computing time was short, the length of the generated chain (1,200,000 samples) and of the burn-in period used (200,000 samples) were conservatively determined by multiplying the originally chosen length by 10. Samples were saved every 10 iterations.
Posterior densities of h 2 and additive genetic variance of DOD score were estimated using a nonparametric density estimation technique based on average shifted histograms (Scott, 1992) . The posterior median was used as point estimate of variance components and heritabilities. Lower and upper bounds of symmetric 95% probability density regions for h 2 and additive genetic variance and the posterior probability for h 2 > 10% were obtained from the estimated marginal densities. Sites exhibiting a posterior probability lower than 0.8 for h 2 > 10% were not considered in the multivariate restricted maximum likelihood (REML) analysis. This reduced the number of traits in the analysis from 15 to eight. Analyses based on REML were performed using the software package VCE (Neumaier and Groeneveld, 1998) .
Prediction of Breeding Values and Selection Index Procedures
Estimated (co)variance matrices from REML analysis were used to predict breeding values of dogs for DOD score at eight intervertebral sites (site T9-T10, T10-T11, T11-T12, T12-T13, L1-L2, L2-L3, L6-L7, and L7-S1). Breeding values were predicted using a full multivariate (eight traits) animal model. Predicted breeding values and prediction error variances and covariances of the predicted breeding values were obtained using the PEST program (Groeneveld, 1994) .
A panel of veterinarians was asked to establish, on the basis of their own knowledge and experience, relative weighting factors for setting up a selection index. Some intervertebral sites, if affected by the disease, were considered by the veterinarians to be more important than others because of expected consequences on the functional life of dogs.
When breeding values are predicted using a multivariate BLUP animal model procedure, optimal index weights (Schneeberger et al., 1992) are computed as:
where b is a vector of index weights, G 11 is the additive genetic covariance matrix of traits in the index, G 12 is the additive genetic covariance matrix between traits in the index and traits in the aggregate genotype, and ν is a vector of economic values. In our study, G 11 = G 12 because the index traits are the same traits included in the aggregate genotype, and as a consequence, b = ν. Hence, the index for a dog was simply computed as:
where I is the index, ν is the vector of relative weighting factors produced by the veterinarians, and g is a vector of predicted breeding values for DOD score at eight intervertebral sites. The accuracy of the index for animal i was computed as:
where r HI(i) is the accuracy of the index, σ 2 I(i) is the variance of the index, and σ 2 H is the variance of the aggregate genotype. The variance of the index for animal i (σ 2 I(i) ) was computed as (Schneeberger et al., 1992) :
where Var(û i ) is the (co)variance matrix of the predicted breeding values for DOD score at eight intervertebral sites for animal i, a ii is the diagonal element of the numerator additive relationship matrix for animal i, G 11 is the additive genetic covariance matrix of traits in the index, and C ii is the prediction error (co)variance matrix of the predicted breeding values for DOD score at eight intervertebral sites for animal i. The variance of the aggregate genotype was computed as:
where G 22 (which is equal to G 11 ) is the additive genetic (co)variance matrix for the traits (DOD at eight intervertebral sites) in the aggregate genotype.
On the basis of the index, screened dogs (849 animals) were then classified into five classes: index less than −2 SD, from −2 to −1 SD, from −1 to +1 SD, from +1 to +2 SD, and index greater than +2 SD. The effect of the dog index class on average DOD score (computed using scores of all 15 sites), number of sites showing osteophytes development, and number of sites with DOD score >1 was investigated through a linear model that also included the effect of age at screening class, sex, and breeder.
Results and Discussion
Descriptive Statistics and Prevalence
Average DOD score was 0.29 (SD = 0.35) and the average number of intervertebral sites exhibiting osteophytes development was 2.37 (SD = 2.27). Frequency of dogs by number of affected intervertebral sites is presented in Figure 2 . Only 16% of the sample were devoid of osteophytes development at all intervertebral sites and were considered unaffected by spondylosis deformans. Nearly a quarter of the sample showed one site with development of osteophytes and another quarter had two sites affected. More than one-third of screened dogs had three or more intervertebral sites affected by spondylosis. Frequency of dogs that showed at least one intervertebral site graded 3 for DOD, the most severe degree of development, was 50% (data not shown).
Prevalence of spondylosis deformans estimated in the present study was 84%, which was comparable to values reported by Murlebach and Freudiger (1973) , Eichelberg and Wurster (1982) , and Langeland and Lingaas (1995) for other Boxer populations, and confirmed the significance of this skeletal disease for Boxer dogs.
As depicted in Figure 3 , frequency of affected dogs was different for different intervertebral sites. The occurrence of osteophytes development was appreciable starting from site T9-T10 and showed very high frequencies for sites within the last three thoracic and the first lumbar vertebra. Frequency of occurrence of development of osteophytes was lower but still appreciable for sites of the lumbar region, and exhibited a marked increase for the site between the last lumbar and the first sacral vertebra. This increase was higher for females than for males.
Nongenetic Effects
Least squares means and significance for sex and age at screening effects on DOD score at different sites are presented in Table 1 . Differences between female and male dogs means for DOD score were statistically significant for a limited number of sites and mostly for the caudal sites of the spine, where osteophytes appeared more frequently (Figure 3 ) and developed in females more often than in males.
Age of dogs was a relevant effect for DOD at many intervertebral sites (Table 1 ). In general, the younger a dog was at screening, the better its status was for spondylosis. This result is in agreement with that reported by Langeland and Lingaas (1995) . Because of significant age at screening effects, dogs should be compared for DOD when screened at a similar age, or if screening occurs at a different age, after adjustment of DOD scores for age effects. From a practical point of view, radiographic examination of the spine might be performed when dogs are screened for hip dysplasia (i.e., between 12 and 16 mo of age), to facilitate breeders and owners in controlling this skeletal disease and to improve efficiency of selection. Eichelberg and Wurtser (1983) reported a positive correlation between screening results for spondylosis obtained from 1 to 2 yr of age and further screenings performed later in a dog's life. Hence, early screening of Boxer dogs for spondylosis can be argued to be feasible and effective, but further investigation and specific studies are needed. For all sites, the kennel effect accounted for a significant portion of the variation of DOD (data not shown). This effect accounts for differences in the rearing environment up to weaning for pups sold at weaning and, for dogs that do not leave the kennel, it also accounts for environmental differences that occur later in life. It is also likely that this effect accounts for differences due to the use of different dog strains in different kennels.
Genetic Effects
The median of marginal posterior densities for h 2 and additive genetic variance component, bounds of symmetric 95% probability density region, and posterior probability of h 2 > 10% obtained from univariate Bayesian analysis are reported in Table 2 . The median of estimated posterior densities, which was used as the point estimate of h 2 and additive genetic variance, was heterogeneous across sites, and ranged from 3 to 44% for h 2 and from 0.04 to 0.80 points 2 for additive genetic variance of DOD score. The posterior probability of h 2 > 10% was higher than 0.8 for eight sites, and point estimate of h 2 was greater than 25% for six sites or greater than 30% for four sites. Sites T11-T12, L2-L3, and L7-S1 exhibited the highest estimates of h 2 . Despite similar frequencies of affected dogs and average DOD scores for some sites (e.g., sites T12-T13 and T13-L1), estimates of h 2 for these sites were different (33 vs 17%). Moreover, for some sites showing low incidence (e.g., site T10-T11 and L2-L3), h 2 estimates were close to or greater than 30%.
Point estimates of additive genetic standard deviation of DOD score were higher than 0.5 points for eight intervertebral sites, namely the last four thoracic and the first two and the last two lumbar sites. For these sites, the lower bound of symmetric 95% probability density region of additive genetic variance also was far from zero.
In the literature, the only study dealing with the estimation of genetic parameters for traits related to spondylosis deformans was by Langeland and Lingaas (1995) . They reported h 2 estimates, obtained using both regression of offspring on parents and paternal half-sibs correlation, ranging from 0.42 to 0.62 for the maximal degree of osteophytes development and from 0.13 to 0.47 for the number of sites exhibiting osteophytes development. However, due to the limited size of the sample, estimated parameters were not statistically different from zero. Results from the present study support the hypothesis that genetic effects are involved in and affect the occurrence and severity of spondylosis deformans: h 2 estimates are moderate for several intervertebral sites and the amount of additive genetic variation is large enough to be exploited in breeding programs aiming to decrease the prevalence and the degree of severity of the disease.
Estimates of h 2 obtained in this study for several intervertebral sites fall within the range of h 2 estimates reported for traits related to more investigated skeletal T6-T7 through L7-S1 are intervertebral sites. T = thoracic, L = lumbar, S = sacral.
b PM = median of the posterior density.
c L95% = lower bound of symmetric 95% probability density region.
d U95% = upper bound of symmetric 95% probability density region.
e P(h 2 > 10%) = posterior probability for values of h 2 greater than 10%.
disorders of dogs; in a recent review, Breuer et al. (2001) reported h 2 estimates ranging from 20 to 60% and from 10 to 50% for traits related to hip dysplasia and elbow dysplasia, respectively. Because breeding programs for hip and elbow dysplasia have been established for several dog breeds in a number of countries, these programs might be adapted to allow for selection for spondylosis deformans when the disease is relevant for the population.
The eight sites showing probability greater than 0.8 for h 2 > 10% were considered in a REML multivariate analysis to estimate genetic correlations. Results are presented in Table 3 . Multivariate analysis led to heritability estimates higher than those obtained in the univariate procedure. Increases of h 2 estimates ranged T9-T10 through L7-S1 are intervertebral sites; T = thoracic, L = lumbar, S = sacral. from 1 to 11 points, and estimates at three sites were greater than 40%. Standard errors of estimated h 2 were small, ranging from 0.05 to 0.07. Phenotypic correlations for DOD at different sites were moderate, ranging from 0.05 to 0.60, whereas genetic correlations were higher. Genetic correlations were heterogeneous and, as a general feature, their size was higher for adjoining sites than for sites far away. Indeed, all thoracic sites exhibited correlations larger than 0.85 with other thoracic sites and DOD scores at the first and at the second lumbar site were highly correlated. An exception was the moderate additive genetic correlation between sites L6-L7 and L7-S1. These two sites also exhibited weak relationships with all remaining sites, whereas estimated genetic correlations between thoracic sites and the first two lumbar sites were higher, ranging from 0.5 to 0.9. In general, standard errors of genetic correlations ranged from 0.03 to 0.14.
Evidence of heterogeneous heritabilities and of genetic correlations lower than 1 indicates that DOD scores at different sites should be considered as measures of different traits. This should be taken into account in genetic evaluation programs and selection procedures to reduce the prevalence of this disease.
A Selection Index for the Degree of Osteophytes Development
Relative weighting factors, attributed by the panel of veterinarians to the eight intervertebral sites, were 20% for sites T10-T11, T11-T12, T12-T13, and L1-L2; 6.67% for sites T9-T10 and L2-L3; and 3.33% for sites L6-L7 and L7-S1. Use of the index based on these linear weights is expected to decrease DOD more at some sites than at other sites. However, when the improvement of functional life of the dog is the breeding goal, use of a set of nonlinear weights seems more appropriate. Indeed, for some sites it might be argued that the improvement of functional life of the animal due to a decrease of DOD is greater when DOD moves from score 3 to score 2 than when it moves from score 1 to score 0. Current knowledge does not allow us to produce a set of nonlinear weighting factors and further research on these aspects is needed.
As a result of the weights used, of variances and covariances of EBV, and of additive genetic variances and covariances for DOD score at the eight sites, the accuracy of the selection index ranged from 0.59 to 0.81. Frequencies of screened dogs based on different accuracies of the index are reported in Figure 4 . The accuracy of the index was equal to or greater than 0.7 for 72% of screened dogs.
Least squares means for the effect of the selection index class on average DOD score, computed averaging scores for sites from T9-T10 to L7-S1 (15 sites), number of sites showing osteophytes development, and number of sites with score > 1 are reported in Table 4 . The linear model used to investigate the effect of the index class on these traits also included kennel, sex, and age at screening effects. The index class was the most important effect for all traits and accounted for 61% of variation explained by the linear model (data not shown). Least squares means for all traits (Table 4) exhibited increases when the selection index class of the dog increased. Differences between dogs with an index greater than +2 SD and those included in the lowest index class were 1 point, 5.4, and 5.3 for average DOD score, number of affected sites, and number of sites with DOD score > 1, respectively (P < 0.001). Hence, phenotypic differences between dogs of different index class were related not only to average DOD score, but also to the number of affected discs and to the number of sites showing development of osteophytes of larger size.
Implications
Results from this study provide evidence that spondylosis deformans is a highly prevalent skeletal disease for the Italian Boxer dog population and that the degree of osteophytes development, evaluated at different intervertebral sites, is a trait exhibiting heritability estimates of intermediate magnitude and exploitable additive genetic variance. This ensures feasibility of selection programs to decrease prevalence and the degree of severity of the disease and offers the opportunity of implementing genetic evaluation procedures that rely on individual phenotypic observations of candidates based on x-ray assay. Furthermore, the selection index for the degree of osteophytes development proposed in this study might be provided to breeders immediately after the screening of dogs and used for planning of matings.
